Neutralizing antibodies are commonly elicited by viral infection. Most antibodies that have been characterized block early stages of virus entry that occur before membrane penetration, whereas inhibition of late stages in entry that occurs after membrane penetration has been poorly characterized. Here we provide evidence that the neutralizing antihexon monoclonal antibody 9C12 inhibits adenovirus infection by blocking microtubuledependent translocation of the virus to the microtubule-organizing center following endosome penetration. These studies identify a previously undescribed mechanism by which neutralizing antibodies block virus infection, a situation that may be relevant for other nonenveloped viruses that use microtubule-dependent transport during cell entry.
Human adenovirus (HAdV) is a nonenveloped, doublestranded DNA virus with a genome of approximately 36 kDa. The virion is comprised of an icosahedral capsid surrounding the viral nucleoprotein core. The capsid contains 240 hexon capsomers, and each of the 12 vertices is anchored by a penton capsomer comprised of five copies of the penton base protein that are associated noncovalently with a homotrimeric fiber protein. In addition to these major constituents, the capsid contains minor proteins IIIa, VI, VIII, and IX, which likely stabilize the capsid (29) , and the genome is associated with the nonstructural proteins V, VII, mu, and terminal protein.
There are 51 recognized serotypes of HAdV divided into six species (HAdV-A to -F). HAdVs are common pathogens that invade the respiratory, gastrointestinal, ocular, and excretory systems and cause generally nonfatal, self-limiting infections in immunocompetent patients; however, these viruses can cause severe and sometimes fatal diseases in immunocompromised patients, including AIDS and transplant patients (9, 16) . In addition, they are the most common cause of acute febrile respiratory disease among military recruits (17, 24) . Due to their ability to efficiently infect a broad range of cell types, several HAdV serotypes have been studied extensively as gene transfer vectors. In addition, HAdV vectors elicit potent innate and adaptive immune responses, making them attractive vaccine candidates.
HAdV infection is initiated by fiber binding to a primary attachment receptor (e.g., coxsackievirus and adenovirus receptor or CD46) on the target cell membrane (49) . Internalization via clathrin-coated vesicles is promoted by the interaction between cellular integrins and a conserved RGD motif in the penton base (41) . The first step in virus disassembly, dissociation of the fiber, occurs at or near the plasma membrane (25) . Upon acidification in early endosomes, additional uncoating events occur, including dissociation of the vertices from the rest of the capsid and release of protein VI, which has been recently identified as a capsid component with membrane-lytic activity (12, 42) . Protein VI likely plays a central role in endosome disruption mediated by the partially uncoated capsid. Upon escape from the endosome, the remaining capsid, containing the nucleoprotein core and viral genome, undergoes microtubule-dependent transport toward the nucleus (11) . In a poorly understood process, the capsid then docks with the nuclear pore complex, allowing the viral genome to be imported into the nucleus (10, 30, 43) .
As has been shown for a number of viruses, the host immune response is known to interfere with several steps of the HAdV entry pathway. Recently, we described the mechanism of action of defensins, antimicrobial peptide effectors of the innate immune system that block HAdV uncoating, including protein VI release, and escape from the endosome (31) . HAdV also elicits a potent humoral immune response, and considerable effort has been devoted to characterizing this response as well as mechanisms of antibody-mediated neutralization. Antihexon neutralizing antibodies (NAbs) constitute the majority of the neutralizing activity of antisera, although antifiber and anti-penton base NAbs likely also play a role (8, 14, 34, 45) . While the ability of antibodies to block early steps in virus entry has been well-described, their role in blocking late steps in entry is largely unknown. For HAdV, a recently described antihexon monoclonal NAb (MNAb) appears to block a postentry step in infection (39) . This MNAb, designated 9C12, has been shown by cryo-electron microscopy (cryo-EM) studies to enmesh the virus in a partially ordered lattice of molecules that cross-links the majority of the hexon trimers. The 9C12 MNAb does not aggregate virus particles at neutralizing concentrations or induce measurable conformational changes in hexon, nor does the hexon cross-linking appear to occlude the integrin binding sites on the penton base. Consistent with these observations, immunofluorescence studies demonstrated that the MNAb/virus complex was internalized. Confocal microscopy studies also showed that at least some of the 9C12/virus complexes could be detected adjacent to the nuclear margin. However, the previous studies did not provide direct evidence that 9C12/virus complexes were able to penetrate the endosome or to be transported to the nuclear pore. The new studies presented here demonstrate that the MNAb 9C12 does not block the vertex dissociation step or inhibit capsid escape from the endosome. Rather, 9C12 MNAb blocks infection at the stage of microtubule-dependent transport. To our knowledge, this is the first demonstration of this type of antibody-mediated virus neutralization. cells, the virus-antibody-sarcin mixtures were serially diluted into medium containing the same concentrations of ␣-sarcin and antibody such that only the virus concentrations were diluted.
Fluorescence microscopy. Ad5.eGFP (1 ϫ 10 9 particles/sample) was incubated with or without 1 g/ml Cy3-labeled 9C12 in medium for 45 min on ice. A549 cells plated on glass coverslips were washed twice with cold medium and placed on ice. Virus or virus/antibody was added (50 l/coverslip), and samples were incubated at 4°C. After 45 min, samples were washed twice with cold medium. Immediately after washing or following a 90-min incubation at 37°C, cells were fixed in PHEMO buffer [68 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), 25 mM HEPES, 15 mM EGTA, 3 mM MgCl 2 , 10% dimethyl sulfoxide] containing 3.7% paraformaldehyde, 0.05% glutaraldehyde, and 0.5% Triton X-100 for 10 min at RT, washed once with PHEMO buffer, quenched with 50 mM NH 4 Cl in phosphate-buffered saline for 10 min at RT, and blocked in 2% bovine serum albumin (BSA) in Tris-buffered saline. Cells incubated with virus alone were stained with a mixture of Cy3-9C12 and DM1A-FITC (␣-tubulin). Cells incubated with Cy3-9C12-bound virus were stained with DM1A alone. Samples were incubated with primary antibodies in 2% BSA in Tris-buffered saline for 45 min at RT, stained with 1 M 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Sigma) in water, and mounted with Prolong Gold antifade (Invitrogen). z-series images were acquired with a DeltaVision optical sectioning microscope (model 283; Applied Precision, LLC, Issaquah, WA). The acquired images were deconvolved using DeltaVision softWoRx version 2.5. The z-profiles were created with Image J (NIH Imaging), and these images were analyzed by first determining the threshold for signal over background and then for colocalization above this threshold using LSM Examiner software (Zeiss, Inc., Peabody, MA).
To determine the effect of CRM1 inhibition on HAdV infection, cells were preincubated in medium containing 20 nM leptomycin B (LMB; Sigma) for 30 min at 37°C and infected, washed, and incubated with medium containing 20 nM LMB. Samples were fixed and stained as above except that all samples were stained with both Cy3-9C12 and DM1A.
HAdV association with microtubules. Cy3-Ad5.eGFP (6 ϫ 10 9 particles/sample) was incubated with or without a 20-fold molar excess of 9C12 or control 8C4 or 27F11 MAbs (both control antibodies gave equivalent results) for 1 h at 4°C in the presence of complete EDTA-free protease inhibitors (Roche) in general tubulin buffer (GTB; 80 mM PIPES, 1 mM MgCl 2 , 1 mM EGTA, pH 7). Microtubules were polymerized from a 5:4 ratio of purified bovine brain tubulin to biotinylated, purified bovine brain tubulin and stabilized with 20 M taxol following the manufacturer's instructions (all reagents from Cytoskeleton, Inc., Denver, CO). Virus/antibody complexes were incubated with or without taxolstabilized microtubules (10 g/sample) and a purified microtubule-associated protein fraction (MAPF; 2 g/sample; Cytoskeleton) in the presence or absence of 500 mM NaCl in GTB for 45 min at RT. A small aliquot of each sample was removed to measure input hexon signal. Immobilized streptavidin beads (Pierce, Rockford, IL) were blocked with 20 mg/ml BSA in GTB. BSA (10 mg/ml) and BSA-blocked beads were added, and samples were incubated for 45 min at RT. Beads were washed four times in GTB, and bound proteins were eluted by boiling in gel loading buffer containing dithiothreitol. Samples were separated by SDS-PAGE, and the gel was imaged for Cy3 fluorescence on a Typhoon 9410 imager (GE Healthcare). Hexon fluorescence was quantified with ImageQuant TL software (GE Healthcare) and normalized to input hexon. The value for hexon bound to beads alone was subtracted from each sample, and the net value was compared to virus incubated with microtubules and MAPF but without antibodies or NaCl (positive control).
Importin ␤ expression and purification. Human importin ␤ (5) with N-terminal His and S tags and a C-terminal myc tag was cloned into the pET30 expression plasmid. His-S-importin ␤ was expressed in Escherichia coli strain BL21. Protein expression was induced with 1 mM isopropyl ␤-D-thiogalactopyranoside. After incubation for 4 h at 30°C, cells were collected and sonicated in lysis buffer (50 mM Tris pH 8, 250 mM NaCl, 2 mM MgCl 2 , 1 mg/ml lysozyme, and 1 mg/ml each of aprotinin, leupeptin, and pepstatin). The lysate was cleared by centrifugation in a Beckman Ti45 rotor (100,000 ϫ g for 30 min at 4°C). His-S-importin ␤ was affinity purified with Talon beads (Clontech, Mountain View, CA) and eluted with imidazole. Purified protein was precipitated with 65% ammonium sulfate overnight at 4°C. The precipitate was dissolved in transport buffer (20 mM HEPES pH 7.4, 110 mM potassium acetate, 2 mM magnesium acetate, 2 mM dithiothreitol, and 1 mg/ml each of aprotinin, leupeptin, and pepstatin), and the cleared supernatant was purified on a MonoQ column (Pfizer, New York, NY) and eluted with a 0 to 1 M NaCl linear gradient in transport buffer. Fractions containing His-S-importin ␤ were pooled and desalted using a PD10 column (GE Healthcare) equilibrated with transport buffer. The purified protein was frozen in liquid nitrogen and stored at Ϫ80°C.
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Hexon binding to the nuclear envelope. Hexon from 293 cells infected with Ad5.eGFP was purified by fast-performance liquid chromatography using a MonoQ column (Pfizer) as previously described (44), desalted on a PD10 column (GE Healthcare) equilibrated with transport buffer, and concentrated with a Microcon device (Millipore, Billerica, MA). Hexon was conjugated to Alexa Fluor 488 dye (Invitrogen) following the manufacturer's instructions. Labeled hexon was separated from free dye by size exclusion chromatography. Labeled hexon (1.3 g) was incubated with 9C12 or 8C4 MAb (fivefold molar excess) or purified His-S-importin ␤ (fivefold molar excess) in transport buffer for 1 h on ice. NRK cells on glass coverslips were washed with transport buffer and permeabilized with 0.005% digitonin in transport buffer for 5 min at RT. Permeabilized cells were washed with cold transport buffer, incubated for 15 min at 30°C, and washed extensively with cold transport buffer to remove cytosol. Hexon samples were incubated with permeabilized cells for 30 min at 30°C. Cells were washed in transport buffer, fixed with 3.7% formaldehyde in phosphate-buffered saline, stained with 1 M DAPI, and mounted with SlowFade antifade (Invitrogen). Images were acquired using a Bio-Rad 1024 laser scanning confocal microscope and Bio-Rad Lasersharp 2000 software.
RESULTS

9C12
MNAb binding does not block HAdV-mediated endosome penetration. The initial report describing the mechanism of 9C12 MNAb inhibition of HAdV infection suggested that MAb binding did not alter virus internalization; however, the ability of the antibody to impact virus escape from the endosome was not determined (39) . In previous studies, we established a close correlation between capsid thermostability, as determined in an assay that mimics virus uncoating in the endosome, and the ability of the virus to penetrate the endosome (31, 42) . In this assay, virus uncoating is indicated by dissociation of the vertex proteins, including fiber, penton base, and peripentonal hexons, as well as the internal capsid protein VI from the virus capsid. Using this assay, we asked whether the 9C12 MNAb stabilized the virus capsid such that uncoating was prevented. An HAdV-5-based vector encoding enhanced green fluorescent protein (Ad5.eGFP) was incubated with the MNAb 9C12 or with a control, isotype-matched, but nonneutralizing antihexon MAb to allow binding. The virus-antibody mixtures were then heated, and soluble proteins were separated from capsid-associated proteins by density gradient centrifugation. As observed previously (31, 42) , the virus capsid remained intact upon incubation at 43°C; however, upon incubation at 46°C or 50°C, the majority of penton base, fiber, and protein VI dissociated from the capsid (Fig. 1A) . The presence of the 9C12 antibody did not alter this profile, suggesting that the antibody does not block vertex dissociation and, thus, allows the release of the membrane-lytic protein VI.
We next asked whether the 9C12 MNAb blocked HAdVmediated endosome disruption using a ribotoxin coentry assay. In this assay, endosomalysis is indicated by a reduction in cellular protein synthesis as measured by [ 35 S]methionine incorporation into host proteins upon HAdV-mediated endosomal escape of the ribotoxin ␣-sarcin, which on its own is unable to penetrate the host cell membrane. Infection of A549 cells by increasing concentrations of Ad5.eGFP in the presence of ␣-sarcin resulted in a dose-dependent loss of [
35 S]methionine incorporation into cellular proteins with a 90% inhibitory concentration (IC 90 ) of approximately 100 ng/ml, similar to our previous results (Fig. 1B) (31) . In contrast, a temperature-sensitive mutant of the closely related HAdV-2 (ts1), with a mutation in the protease gene and a known defect in endosome penetration (26) , was significantly impaired in its ability to mediate ␣-sarcin entry, with an IC 90 of 1,000 ng/ml. [
35 S]-methionine incorporation upon infection with Ad5.eGFP in the presence of either the 9C12 MNAb or a control antihexon MAb was equivalent to infection in the absence of antibody, strongly suggesting that the 9C12 antibody does not block virus escape from the endosome. These findings are also consistent with previous studies showing that 9C12 does not block early steps in infection, including virus attachment or internalization, and indicate that a later step in entry (i.e., postendosomal) is altered by the 9C12 MNAb. 
9C12 MNAb blocks HAdV-5 nuclear localization.
To further delineate the step in infection blocked by 9C12, we infected A549 cells with Ad5.eGFP unbound or bound to 9C12 and quantified the colocalization of the virus with the nucleus (stained with DAPI) immediately after a 1-h binding step at 4°C or following a 90-min internalization step at 37°C. In z-profiles of z-series from an average of 60 cells per condition, we observed that in the absence of 9C12 the nuclear colocalization of Ad5.eGFP increased from approximately 25% to 55% upon incubation for 90 min at 37°C (Fig. 2) . This is in agreement with our previous studies (31) . The colocalization observed after the 4°C binding step is due to random colocalization of virus with the nucleus in z-profile. In contrast, Ad5.eGFP was evenly distributed throughout the cytoplasm at 90 min postinfection (p.i.) in the presence of 9C12, and no increase in nuclear colocalization was observed. These studies suggest that the 9C12 antibody blocks HAdV-5 infection at a step between endosome disruption and docking at the nuclear pore complex.
9C12 MNAb binding enhances MAP-dependent and MAPindependent microtubule association. According to current models, HAdV associates with microtubules following endosome penetration. This association is enhanced by the presence of microtubule-associated proteins (MAPs), specifically the microtubule-dependent, minus-end-directed dynein motor (15) . We hypothesized that 9C12 binding could inhibit nuclear localization of HAdV capsids by blocking their association with MAPs and/or microtubules. To address this hypothesis, Cy3-Ad.eGFP alone or bound to the 9C12 MNAb or a control antihexon MAb was incubated with biotinylated microtubules in the presence or absence of a bovine brain MAP fraction, and microtubule-associated virus was isolated and quantified by measuring the fluorescent hexon signal (Fig. 3) . As has been reported previously (15) , a significant increase in Cy3-Ad.eGFP association with microtubules was observed in the presence of MAPs. Remarkably, we found that rather than blocking this association, 9C12 significantly enhanced both MAP-dependent and MAP-independent association between Cy3-Ad5.eGFP and microtubules. Control, nonneutralizing antihexon antibodies did not have this effect, suggesting that hexon binding alone was not sufficient to promote enhanced MT binding. Incubation in high salt (500 mM NaCl), which is known to disrupt most MAPdependent binding (15) , reversed HAdV association with microtubules in the absence of 9C12 but failed to completely abrogate These studies support a model in which 9C12-bound HAdV-5 escapes from the endosome and, upon encountering microtubules in the cytoplasm, associates with microtubules in a manner that precludes virion translocation to the nuclear periphery. 9C12 binding prevents HAdV-5 accumulation at the microtubule-organizing center. We reasoned that if this model of HAdV neutralization were valid, then we could observe an altered transport of 9C12-HAdV-5 to the microtubule-organizing center (MTOC) due to this change in microtubule association. Recent biochemical and confocal studies have provided additional details for the steps in HAdV entry between endosomal escape, dynein-dependent translocation through the cytoplasm along microtubules, and docking at the nuclear pore complex (1, 33) . These studies have shown that upon reaching the minus end of microtubules, HAdV remains bound at the MTOC and must be actively rescued by a process dependent either directly or indirectly upon the functions of the nuclear export factor CRM1. Thus, in the presence of CRM1 inhibitors such as LMB or ratjadone A or in enucleated cells, HAdV accumulates at the MTOC.
To test the model that 9C12 binding blocks virus translocation by altering microtubule-dependent trafficking, we determined the relative position of the 9C12-mediated block compared to that imposed by CRM1 inhibitors. A549 cells were infected with Ad5.eGFP in the presence or absence of an inhibitory concentration of the 9C12 MNAb and 20 nM LMB. This concentration of LMB was determined to be approximately sixfold higher than the IC 99 for luciferase activity in A549 cells upon transduction by a HAdV-5-based vector expressing luciferase (data not shown). The colocalization of the virus with the nucleus (stained with DAPI) was quantified after a 1-h binding step at 4°C followed by a 90-min internalization step at 37°C. In z-profiles of z-series from an average of 80 cells per condition, we observed that in the absence of 9C12 neutralization, the nuclear colocalization of Ad5.eGFP was approximately 73% (Fig. 4) . The colocalization for virus bound to 9C12 was 25%, equivalent to cells incubated with virus at 4°C but without the internalization step (Fig. 2) . In cells incubated with LMB, nuclear colocalization of Ad5.eGFP was 32% and 41% in the presence and absence of 9C12, respectively. Although nuclear localization was similarly restricted for unbound virus and virus bound to 9C12 in cells exposed to LMB, the distribution of the virus was distinct. LMB alone caused a striking accumulation of virus at the MTOC, revealed by staining for tubulin, as has been observed previously (33) . In contrast, virus in a complex with 9C12 was evenly distributed throughout the cytoplasm in both LMB-treated and untreated cells and appeared to be associated with microtubules; however, the resolution of the microscopy was insufficient to quantify the precise juxtaposition of virus with individual microtubules. This experiment indicates that the entry block imposed by 9C12 is upstream of the block imposed by CRM1 inhibitors and supports the model that the 9C12 MNAb blocks HAdV-5 infection by arresting HAdV movement along microtubules, thus preventing translocation to the MTOC.
9C12 does not directly block hexon binding to the nuclear pore complex. One hypothesis proposed in the previous study on the mechanism of 9C12 inhibition was that this antibody could inhibit infection by blocking virus binding to the nuclear pore complex (39) . To explore this hypothesis, we examined the ability of 9C12 to block HAdV-5 hexon labeled with the fluorescent dye Alexa Fluor 488 from binding to the nuclear envelope in detergent-permeabilized cells. Fluorescent hexon was incubated with a fivefold molar ratio of 9C12 MNAb or a control antihexon MAb. Labeling with fluorescent dyes did not affect the ability of either antibody to bind to hexon (data not shown). The antibody-hexon complex or hexon alone was then added to NRK cells that had been permeabilized with digitonin and washed to remove cytosol. Hexon incubated with cells in the presence of an excess of the nuclear import factor importin ␤, which competes for hexon binding to the nuclear envelope (30, 38; A. Cassany and L. Gerace, unpublished data), was included as a control. Cells were then incubated at 30°C to allow for diffusion and binding to the nuclear envelope, fixed for microscopy, and stained with DAPI to identify the nucleus. Under these conditions, hexon alone bound efficiently to the nucleus with bright signal intensity around the nuclear envelope in cross-sectional images (Fig. 5) . In contrast, no hexon signal could be detected at the nuclear envelope in cells exposed to an excess of importin ␤. Neither the 9C12 MNAb nor the control antibody had any effect on the binding of hexon to the nuclear envelope. Identical results were observed in HeLa cells (data not shown). Although we cannot rule out the possibility that the interaction of hexon trimers with the nuclear envelope is different than that of the uncoated capsid, these studies suggest that if virus-9C12 complexes were able to reach the nuclear envelope, their ability to dock with the nuclear pore complex would not be impaired. 
DISCUSSION
Taken together, our studies support a model in which the 9C12 MNAb blocks HAdV-5 infection by altering the association of the capsid with microtubules or microtubule motors, resulting in a failure of the capsid to translocate through the cytoplasm from the site of endosome penetration to the nuclear envelope. The observation that a NAb could block the interaction of HAdV with microtubules at such a late step in the entry pathway was unexpected. A few examples of NAbs that block late steps in enveloped virus entry have been described, but their modes of action remain poorly characterized (27) . During entry, the HAdV capsid mediates a series of interactions with the host cell to effect delivery of the viral chromosome into the nucleus. As the HAdV capsid, like that of all nonenveloped viruses, is not shielded by a lipid membrane, much of the capsid machinery that mediates these functions is exposed and can be targeted by the immune system. Antibody-dependent neutralization of virus infection is complex. HAdV in particular elicits a potent humoral response, and NAbs can be readily detected. Using several approaches, it has been shown convincingly that hexon is the major target for neutralization (8, 14, 28, 34, 45) . Antifiber and anti-penton base NAbs that block primary receptor interactions and integrin-mediated internalization, respectively, have been identified (7, 13, 19, 32, 45) ; however, they likely represent only a small portion of the neutralizing activity of serum. Studies of the mechanisms of antiHAdV NAbs have identified modes of action that are common to antibody neutralization of other viruses. These include aggregation, which reduces the effective concentration of virus, particle destabilization, which leads to premature uncoating and particle destruction, failure to internalize, likely due to steric hindrance with integrin interactions, and failure to uncoat due to crosslinking of the capsid (2, 6, 37, 46) . Collectively, the previous analysis of 9C12 and our studies have ruled out each of these mechanisms as explanations for the neutralizing activity of 9C12. Rather, these studies support the model that 9C12 represents a previously unidentified mode of action for antibody-mediated neutralization of HAdV. This mechanism may be applicable to other viruses, as microtubule-dependent transport is a common feature of the entry pathway of multiple pathogens (e.g., human papillomavirus and adeno-associated virus); however, the lipid membrane of enveloped viruses (e.g., herpes simplex virus) that use microtubules during entry would likely shield the critical capsid components from neutralization (11) .
One major unresolved question that had not been answered in previous studies was whether 9C12-bound virus was able to penetrate the endosome. Quantitative fluorescence microscopy indicated that virus internalization was not significantly affected by 9C12 binding; however, it was unclear if the internalized virus visible in the cytoplasm was free or in endosomes (39) . Our biochemical studies support the conclusion that HAdV-mediated endosomalysis is unaffected by 9C12 binding.
In previous studies, we established a close correlation between endosome escape measured by the ␣-sarcin coentry assay and by fluorescence colocalization with endosomal markers (31) . Moreover, the failure of the HAdV-2 ts1 mutant to mediate ␣-sarcin entry also supports the validity of this assay to measure endosomalysis, as this mutant virus has been shown in microscopy studies to be arrested in the endosome (31, 36, 42) . In addition, the uniform distribution of 9C12-bound virus in the cytoplasm is distinct from virus blocked at the stage of endosome penetration that accumulates perinuclearly in the endosomal/lysosomal pathway (4, 31) . Because this biochemical assay is dependent upon virus binding to a primary receptor and internalization into endosomes, this study also supports the previous conclusions that the 9C12-dependent block is downstream of these early events. A second outstanding issue from the previous study was the role of the antibody in stabilizing the capsid. Cryo-EM image reconstruction of the 9C12-virus complex revealed extensive hexon-hexon cross-linking by the antibody (39) . The cryo-EM reconstructions also showed that one FAb arm of 9C12 bound to a specific tower on peripentonal hexons. Electron density of the other FAb arm was consistent with minor binding sites on adjacent hexons, suggesting the possibility that antibody bridging of peripentonal hexons might prevent dissociation of the capsid vertices. Our thermostability analysis suggests that any bridging interactions at the peripentonal hexons are insufficient to block vertex removal. Moreover, these results are consistent with the close correlation that we established in previous studies between capsid stabilization, endosome penetration, and the requirement for protein VI release from the capsid to mediate endosome disruption (31, 42) .
One discrepancy with the previous study was the effect of 9C12 on HAdV-5 nuclear localization. Both studies documented a statistically significant reduction in the amount of 9C12-bound virus at the nuclear envelope compared to control; however, an increase in the perinuclear localization of 9C12-bound virus was observed in cells at 1 h p.i. compared to cells at 0 h p.i. in the first study that was not observed in our experiments (39) . This discrepancy may be due to differences in fluorescence image analysis. Based on observations in the previous study, Varghese et al. favored the hypothesis that 9C12 blocked capsid binding to the nuclear pore complex, whereas our confocal studies suggest that the 9C12-bound virus fails to reach the nuclear envelope. In support of this conjecture, analysis of virus infection in the presence of a CRM1 inhibitor clearly showed that 9C12 blocked virus translocation to the MTOC, which is upstream of the nuclear envelope (33) . Moreover, our studies of the effect of 9C12 on hexon binding to the nuclear envelope suggest that if the 9C12-bound capsid could reach the nuclear envelope, binding to the nuclear pore complex per se would not be affected. Therefore, we favor the model that 9C12 blocks HAdV-5 infection by altering microtubule-dependent translocation to the MTOC.
The role of dynein-dependent translocation of the incoming HAdV capsid along microtubules in HAdV entry is well-established. The partially uncoated HAdV capsid that is released into the cytoplasm is approximately 90 nm in diameter, a size that precludes diffusion as an efficient mechanism for longrange transport (20) . HAdV has been shown through both EM and biochemical studies to associate with microtubules, MAPs enhance this association, and microtubule disruption inhibits HAdV infection (1, 15, 18, 21, 22, 35, 36, 40) . Kinetic studies of HAdV trafficking have demonstrated long-range, perinucleardirected mobility along curvilinear tracks consistent with minus-end-directed transport along microtubules toward the perinuclear MTOC (18, 36) . Injection of function-blocking antidynein antibodies or overexpression of a dynactin complex subunit inhibits this movement and the nuclear localization of HAdV (18, 36) . Taken together, these studies are consistent with microtubule-dependent transport mediated by the minusend-directed dynein/dynactin motor complex. The previous study on 9C12 showed that the virus capsid is enclosed in a meshwork of antibody density, which was particularly apparent on the facet hexons (39) . As this cryo-EM density represents the spatial average of many alternate bivalent antibody interactions, the functional consequence of these antibody interactions is not clear. The findings described in the present study suggest that 9C12 binding alters the association of the capsid with microtubules in both MAP-dependent and -independent manners. Currently, the capsid component that interacts with microtubules or dynein and the role of the dynactin complex in this interaction are not well-defined. 9C12 could block the interaction with dynein and instead enhance a direct interaction with microtubules. Alternatively, 9C12 binding could redirect the capsid to an alternative and nonproductive MAP. Finally, 9C12-bound HAdV could bind to dynein in a manner that prevents processive translocation by the dynein motor. Future studies to address these hypotheses will be feasible once the nature of the HAdV capsid interaction with microtubules is defined in greater molecular detail.
We have identified a previously unappreciated mode by which a neutralizing antibody can inhibit infection by a nonenveloped virus. That microtubules are a common route of entry for many viral pathogens raises the possibility that this mode of neutralization may exist for other viruses. Also unknown is whether MNAbs with 9C12-like functions are elicited upon natural HAdV infection. Analysis of polyclonal neutralizing serum would likely preclude the identification of such specificities due to the predominance of antibodies that neutralize through other mechanisms; however, the availability of recombinant antibody libraries from infected individuals that can be screened, amplified, cloned, and studied in isolation for 9C12-like activity provides a feasible system to address this possibility for HAdV as well as other viral pathogens (3, 23, 48) .
